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ABSTRACT 
This paper focuses on assessing the quality of sea level anomaly (SLA) data from the new generation of Ka-band 
SARAL/AltiKa satellite altimetry over the continental shelf of the South China Sea. The region consists of peninsulas, 
shallow seas, and small islands that produce complicated altimetric waveform patterns. The improved-accuracy of SLAs 
data from the MLE4, Ice1 and Ice2 retrackers which are provided in the AVISO-Sensor Geophysical Data Records 
(SGDR) were optimized in this study. The quality of retracked SLAs is assessed by making comparison with tide gauge 
data from six stations. In general, the percentage of data availability of Ice-1 retracker is superior (>68%) to those of MLE-
4 and Ice-2 retrackers. The improvement of percentage (IMP) also shows that Ice-1 retracker improves the standard 
deviation >12% better than those of Ice-2 retracker. Over complex areas of Lubang and Ko Taphao Noi, the temporal 
correlation of Ice-1 retracker is superior (r>0.80) to those of MLE4 and Ice-2 retrackers (r<0.84). The root mean square 
error (RMS) error of Ice-1 retracker is the smallest (<10 cm) when compared to the other two retrackers over both regions. 
On the other hand, over Vung Tau, Geting and Bintulu, Ice-2 and MLE-4 retrackers have better correlations (r>5.8) and 
lower RMS error (<34 cm) than those of Ice-1 retracker. It can be concluded that the Ice-1 and Ice-2 retrackers were 
superior for the coastal region of Maritime Continent. 
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1. INTRODUCTION 
A demand for accurate coastal altimetry data, 
especially at sea level, has arisen since human activities 
are intense over these regions. Near coastal areas, 
altimetry data become unreliable as the measured surface 
rapidly changes between ocean and land (Deng, et al., 
2002, Idris and Deng, 2012). The gap in data availability 
over coastal areas and continental shelf seas observed by 
satellite altimetry has become a main discussion among 
researchers for the past ten years. 
In the vicinity of land, the leading edge of ocean 
return waveform deviates from the on-board altimeter 
tracking gate, which causes erroneous telemetered range 
measurement (Gommenginger, et al., 2011). A return 
waveform is the received power sampled at the satellite 
and results from the interaction of the altimeter’s 
transmitted pulse with the scattering surface. Altimeter 
waveform over homogeneous ocean surfaces (Figure-1) 
can be described by the Brown (1977) model. Over 
heterogeneous surfaces (e.g. coastal ocean and continental 
shelf), complex waveform shapes (Figure-1) are usually 
recorded since the altimeter footprint is contaminated by 
the multiplicity of surfaces. This contamination produces 
complex waveform shapes that may lead to false results in 
the SLA estimations.  
Accurate SLA measurements over heterogeneous 
surfaces can be retrieved via a ground post-processing 
method called ‘retracking’ (e.g. Deng and Featherstone, 
2006, Idris and Deng, 2013, Passaro, et al., 2014, Tseng, 
et al., 2014) to improve the range estimates, and by 
applying ocean geophysical corrections for coastal oceans 
(e.g. Andersen and Scharroo, 2011; Fernandes, et al., 
2008, Obligis, et al., 2011, Obligis, et al., 2008). These 
two components: the range and geophysical corrections 
(e.g. tides, wet tropospheric and sea state bias), require 
special treatments when attempting to retrieve sea levels 
over coastal areas because they are usually corrupted due 
to land contamination and coastal sea states.  
The retracking of a waveform computes the 
departure of the waveform’s leading edge from the 
tracking gate and corrects the satellite range measurement, 
and SLA accordingly. A wealth of innovative ideas is 
continuously emerging to provide alternative ways of 
achieving better accuracy of altimeter data from noisy 
waveforms near shore. These include modification of the 
standard Brown model (e.g. Thibaut, et al., 2011) to fit the 
noisy coastal waveforms, retracking of multiple 
waveforms (e.g. Kuo, et al., 2011; Quartly, 2010; Strachan 
and Vidale, 2013; Thibaut, et al., 2009) to exploit the 
inter-waveform properties, and retracking of reduced gate 
of waveforms (e.g. AVISO, 2010; Bao, et al., 2009; Idris 
and Deng, 2012; Lee, et al., 2008) to exclude non-ocean 
signals. Several researches have employed multiple 
retracking algorithms to select the optimum retracker for 
retracking all waveforms via expert system (e.g. Berry, et 
al., 1998; Deng and Featherstone, 2006; Idris and Deng, 
2013), and few studies have been done on developing a 
universal retracker that is effective for all kinds of 
waveforms (Passaro, et al., 2014).  
The new generation of SARAL/AltiKa Ka-band 
satellite altimetry mission was launched into orbit in 
February 2013. The AltiKa mission carries a dual-
frequency radiometer operating at 24 GHz and 37 GHz. 
The enhanced frequencies lead to a better vertical 
                                    VOL. 12, NO. 23, DECEMBER 2017                                                                                                     ISSN 1819-6608            
ARPN Journal of Engineering and Applied Sciences 
 
©2006-2017 Asian Research Publishing Network (ARPN). All rights reserved.
 
www.arpnjournals.com 
 
 
6623 
resolution and improving the spatial resolution, thanks to 
the Ka-band smaller footprint (8 km diameter compared to 
20 km for Jason-2 and 15 km for ENVISAT, Verron, et 
al., 2015). This contributes to decreasing no-data gap 
about 2-8 km to the coastline subject to the coastal 
characteristics (cf. Abdullah, et al., 2016; Palanisamy, et 
al., 2015). 
AltiKa mission has been through a global 
calibration conducted by numerous agencies (e.g. The 
Centre National d'Etudes Spatiales (CNES), The Indian 
Space Research Organisation (ISRO) and European Space 
Agency (ESA)), and researchers (e.g. Abdalla, 2015, 
Palanisamy, et al., 2015, Rémy, et al., 2014, Valladeau, et 
al., 2015, Dettmering, et al., 2014). However, a limited 
number of studies have been conducted to validate the 
AltiKa retracked SLAs over marginal seas such as the 
South China Sea, Strait of Malacca and Sulu Sea. 
Regional validation is crucial since the ocean 
characteristics there are unique, consisting of many small 
islands and narrow straits, and lie above a wide continental 
shelf with an average water depth of 200 m. The region is 
situated in the tropics, where heavy rain and cloudy 
conditions are usually experienced. Since one of the major 
drawbacks of Ka-band is its sensitivity to the atmospheric 
liquid water (rain and cloud) which can lead to signal 
attenuation (Palanisamy, et al., 2015), regional validation 
is crucial to access the data accuracy before it can be used 
in any applications. 
In this paper, we examine the quality of SLAs 
derived from three retracking solutions: MLE-4, Ice-1 and 
Ice-2, provided in the Archiving, Validation, and 
Interpretation of Satellite Oceanographic (AVISO) 
Geophysical Data Product (GDR). Validation of retracked 
SLAs is performed in twofold: 1) comparison with quasi-
independent geoid data and independent data from tide 
gauges. Comparison with geoid data provides information 
about the precision of the retracked SLAs, meanwhile 
comparison with tide gauges merits finding both the 
accuracy and precision of the SLA estimates.  
 
 
 
 
Figure-1. The example of return waveform. a) Brown-shape waveform over homogeneous ocean surface. b) Non-Brown 
waveform over complex coastal area. 
 
2. DATA AND EXPERIMENTAL REGION 
The experimental region is conducted over the 
South China Sea and its adjacent seas (as in Figure-2), 
which consists of the Andaman Sea, Strait of Malacca, 
Gulf of Thailand, South China Sea and Sulu Sea. These 
regions are selected due to their complex topographies. 
They consist of many small islands, peninsulas and 
shallow seas, which can produce complicated waveform 
patterns when they enter the altimeter footprint. They are 
also located in a tropical climate zone with various 
weather system causing diurnal rainfalls and cyclones that 
also contribute to diverse and complex altimetric 
waveform patterns (Strachan and Vidale, 2013).  
The high (40 Hz) resolution along-track of 
AltiKa Geophysical Data Record (GDR) product version 
T are utilized in this study. The data are retrieved from 
AVISO ftp site (ftp://avisoftp.cnes.fr). The data are from 
cycles 1-19, which correspond to March 2013-December 
2014. 
For analysis and validation purposes, geoid 
height that is based on the Earth Gravitational Model 2008 
(EGM2008) are used in the IMP computation to compute 
the precision of the retracked SLAs. The datasets are 
provided in the GDR product. To compute the accuracy of 
retracked SLAs, data from five tide gauge stations  
(Figure-2) are utilized. The hourly tide gauge data are 
obtained from Department of Survey and Mapping 
Malaysia (DSMM) and the University of Hawaii Sea 
Level Centre (UHSLC). Tide gauges at Lubang (13.82°N, 
120.21°E), Bintulu (3.26°N, 113.06°E), Geting (6.23°N, 
102.11°E), Ko Taphao Noi (7.82°N, 98.42°E) and Vung 
Tau (10.33°N, 107.07°E) stations are used to validate the 
SLAs along the satellite tracks (blue lines as in Figure-2) 
of 006, 808, 494, 537 and 479, respectively. 
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Figure-2. The experimental region over the Andaman Sea, Gulf of Thailand, Strait of Malacca, South China Sea and Sulu 
Sea. Red marks show the tide gauge stations, and blue lines show the AltiKa tracks used for validation with tide gauges. 
 
3. METHODOLOGY 
Sea level anomaly (SLA) from AltiKa can be 
extracted as in equation 1 (Andersen and Scharroo, 2011); 
 
       (1) 
 
where H is satellite altitude, Robs is observed range, 
Rretracked is range correction from retracking algorithm, Rdry 
is dry tropospheric correction, Rwet is wet tropospheric 
correction, Riono is ionospheric correction, Rssb is sea state 
bias correction, mssh is mean sea surface height and hot is 
ocean tides, hsolid is solid earth tides, hpole is pole tides, hload 
is tidal loading, hiny is inverse barometer height correction, 
and hhf is high frequency fluctuations. Rretracked are the 
corrections from MLE-4, Ice-1 and Ice-2 retracking 
algorithms, Rdry and Rwet corrections are from the European 
Centre for Medium-Range Weather Forecasts, Riono is 
from the Global Ionospheric Map, Rssb is from the Hybrid 
sea state bias (Wang, et al., 2010) and hot is from the 
FES2012 model. 
The MLE-4 retracker is based on the Hyne 
(1980) model. It is a physical-based ocean model 
retracking method which is developed to fit the returned 
waveforms to the Brown (1977) model (cf. Deng and 
Featherstone, 2006, Lee, et al., 2010). The MLE-4 
retracker is an optimal way of fitting noisy altimeter 
waveform (Thibaut, et al., 2010). It estimates the 
geophysical parameters of sea level, significant wave 
height, wind speed and off-nadir angle by determining the 
value that maximizes the probability of obtaining the 
recorded waveform shape in the presence of noise of a 
given statistical distribution (Gómez-Enri, et al., 2007). 
The Ice-1 and Ice-2 retrackers are empirical-based 
retrackers. The Ice-1 retracker uses the mean power of the 
waveform amplitude calculated using Offset Center of 
Gravity (OCOG) retracking algorithm (Lee, et al., 2010, 
Wingham, et al., 1986). The OCOG retracker was 
developed to find the centre of gravity of the waveform 
based on the power level within the waveform gates 
(Wingham, et al., 1986). The Ice-1 retracker is well 
adapted to the rapidly changing surface. The Ice-2 
retracker is a minor modification of the Brown (1977) 
model. It was developed for continental ice sheets. The 
leading edge of return waveform is modelled by Gaussian 
error function and the trailing edge modelled by 
exponential decaying function (Ganguly, et al., 2015, 
Legresy, et al., 2005). 
For comparison with geoid height, the sea level 
above a referenced ellipsoid (SSH) is used. It was derived 
from Equation 1 without applying the subtraction from the 
mssh. For the validation with tide gauge, the retracked 
SLAs (above mssh) are validated with the SLAs from tide 
gauge observations. To be consistent, inverse barometric 
correction has not been applied to both altimeter and tide 
gauge SLAs. Tide gauge observations are filtered using a 
Loess Low Pass Filter (cf. Saraceno, et al., 2008) with a 
40-hour cut off wavelength to suppress the high frequency 
variations in the velocity data. The vertical motion of the 
land is not corrected from the tide gauge SLAs because it 
requires a Global Positioning System receiver to be 
attached at the tide gauge station, which is unavailable at 
tide gauges used in this study. The mean of SLA time 
series are removed from both altimeter and tide gauge to 
reduce biases in the vertical reference system between 
both datasets. 
 
                                    VOL. 12, NO. 23, DECEMBER 2017                                                                                                     ISSN 1819-6608            
ARPN Journal of Engineering and Applied Sciences 
 
©2006-2017 Asian Research Publishing Network (ARPN). All rights reserved.
 
www.arpnjournals.com 
 
 
6625 
4. RESULTS AND DISCUSSION 
The quality of retracked SLAs is assessed by 
computing the percentage of data availability near shore 
(Section 4.1). Comparison with geoid height is conducted 
to assess the data precision by computing the improvement 
of percentage (IMP) (Section 4.2), and comparison with 
tide gauge observation is performed to identify the 
accuracy and precision of retracked SLAs over the tested 
area (Section 4.3). They are determined based on the 
correlation coefficient and root mean square (RMS) error 
between both measurements. 
For the computation of data availability and 
comparison with geoid height, the analysis is performed 
based on the along-track data within 30 km from the 
coastline. The tested regions include Andaman Sea, Sulu 
Sea, Gulf of Thailand, South China and Strait of Malacca 
(see Figure-2). 
 
a) Data availability near shore 
In this section, the mean percentage of SLA data 
availability within 30 km from the coastline for the five 
tested regions is computed for the retrackers of MLE-4, 
Ice-1 and Ice-2 (see Figure-3). For the purpose of quality 
control, outliers falling outside the three standard 
deviations are removed from the computation.  
In general, all retrackers provide excellent data 
coverage with a high percentage of data availability 
(>80%) for all regions, except for Andaman Sea and Sulu 
Sea where data availability is 64-76%. Of all regions, the 
South China Sea has the highest (>88%) percentage with 
Ice-1, Ice-2 and MLE-4 retrackers provide 90%, 89% and 
88% of data, respectively. The South China Sea has less 
complicated coastal topography when compared to the 
other regions. Therefore, the effect of land within the 
altimeter footprint may not be severe in this area, thus 
making the retracking of SLAs work efficiently and 
producing excellent data coverage.  
In contrast, Sulu Sea has the lowest (<68%) 
percentage of data availability with Ice-1, Ice-2 and MLE-
4 retrackers provide 68%, 65% and 64%, respectively. 
Sulu Sea is one of a complex of archipelagos, which 
consist of many small islands, narrow straits and shallow 
water with rough bottom topography. This region also 
suffers from quasi periodic-variation of surface roughness 
and rapid changes in sea-state (Apel, et al., 1985). Due to 
the high complexity of the coastal topography, altimetric 
waveforms could be severely corrupted, thus producing 
erroneous estimates of geophysical information 
(Gommenginger, et al., 2011).  
Based on the results in Figure-3, four of five 
regions have data availability more than 70%, thanks to 
the smaller AltiKa footprint that has contributed to 
improving the segregating type of surface in transition 
zone (from water to land and from land to water) over 
coastal areas. It is also realized that the performance of 
Ice-1 retracker is always better than those of the Ice-2 and 
MLE4 retrackers, except at Andaman Sea where the 
performance of Ice-1 and Ice-2 are similar. 
Previous research has  confirmed that AltiKa 
altimetry provides significant improvement in accuracy 
and data availability up to ~3 km from the coastline 
(Abdullah, et al., 2016), which is overwhelmingly better 
than Jason-2 and Envisat that can generally provide data 
beyond ~7-10 km to the coast (Babu, et al., 2015, Deng 
and Featherstone, 2006, Idris and Deng, 2012). 
 
 
 
Figure-3. Percentage of SARAL/AltiKa retracked data 
availability over the experimental regions computed 
within 30 km from the coastline. 
 
b) Validation of retracked sea level with geoid height 
The precision of retracked SSHs with respect to 
geoid heights are assessed by computing the IMP within 
30 km from the coastline. It is noted that the SSH and 
geoid height are referenced to different ellipsoids. The 
conversion of the reference ellipsoid is not performed 
because the impact on the analysis is assumed to be 
insignificant because the IMP is computed over short SSH 
profiles (~30 km from the coastline) or small areas. The 
IMP can be computed as equation 2 (Hwang, et al., 2006): 
 
       (2) 
 
where σMLE4 is the STD between MLE-4 retracked SSHs 
and geoid heights, and σretracked is the STD between Ice-1 
or Ice-2 retracked SSHs and geoid heights, respectively. In 
the computation of IMP, MLE-4 retracker is used as a 
reference because it is a standard retracker for the ocean. 
A positive value of IMP indicates that the precision of Ice-
1 or Ice 2 retrackers is better than those of MLE-4 
retracker. 
Figure-4 shows the value of IMPs over the five 
experimental regions. It is seen that over Andaman Sea, 
Strait of Malacca and Sulu Sea, Ice-1 retracker has better 
precision with IMPs of 16%, 35% and 12%, respectively, 
than those of Ice-2 retracker, which has IMPs of 11%, 
27% and 7%, respectively. However, different results are 
observed over the Gulf of Thailand and the South China 
Sea, where Ice-2 retracker has better precision with IMPs 
of 21% and 43%, respectively, meanwhile Ice-1 retracker 
has slightly lower IMP of 19% and 39%, respectively.  
From Figure-4, it is realized that the value of 
IMPs for all regions are positive, which suggests that the 
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performance of Ice-1 and Ice-2 retrackers are always 
superior to those of the MLE-4 retrackers. This is an 
astonishing result as the Ice-1 retracker that is intended for 
hydrology and cryosphere applications, not for open ocean 
or coastal applications, outperforms the MLE-4 retracker. 
 
 
 
Figure-4. The IMP of Ice-1 and Ice-2 retrackers that are 
computed within 30 km from the coastline. 
 
c) Validation of retracked sea level with tide gauges 
The accuracy of retracked SLA is assessed by 
comparing with tide gauge observations. Five tide gauge 
stations (red mark in Figure-2) are used to validate the 
along-track AltiKa SLAs (blue line in Figure-2). The 
mean of temporal correlation and RMS error (Table-1) 
between both datasets is computed within 30 km from the 
coastline.  
From Table-1, Ice-1 retracker shows superior 
results for pass 006 near Lubang (r= 0.81, RMS: 10 cm, 
see also Figure-5) and pass 537 near Ko Taphao Noi 
(r=0.86, RMS: 6 cm, see also Figure-6), while Ice-2 
retracker shows better results for pass 479 near Vung Tau 
(r= 0.82, RMS: 18 cm, see also Figure-7) and pass 494 
near Geting (r=0.76, RMS: 34 cm, see also Figure-8). For 
pass 808 near Bintulu (see Figure-9), the correlation 
coefficients of MLE-4 and Ice-2 retrackers are similar 
(r=0.58), but the value of RMS error of MLE4 (12 cm) is 
slightly lower than those of the Ice-2 (15 cm).  
Based on the results, Ice-1 retracker performs 
better than MLE-4 and Ice-2 retrackers over complex 
regions (i.e. Lubang and Ko Taphao Noi). These areas are 
surrounded with small islands and shallow water, which 
give significant impacts to the altimeter waveform signals. 
Land contamination within the altimeter footprint over 
these regions produces non-Brown like waveforms, which 
cannot be retracked by the retracking solutions (e.g. MLE-
4 and Ice-2) that are based on the Brown (1977) model. 
Ice-1 retracker is an empirical-based retracker that does 
not rely on the physical shape of the waveform. It is based 
on Offset Centre of Gravity algorithm (Wingham, et al., 
1986), which is well adapted to the rapidly changes 
surface. Due to this, the Ice-1 retracker may be 
advantageous for those regions. 
For less complicated areas with minimum land 
contamination such as Vung Tau and Geting, Ice-2 
retracker shows better performance than MLE-4 and Ice-1 
retrackers. Ice-2 retracker is a slight modification of the 
Brown (1977) model and can be used to optimize ocean-
like waveforms for continental regions. Therefore, Ice-2 
retracker may be advantageous for this region. 
 
 
Table-1. Temporal correlation and rms error with respect to tide gauge stations computed within 30 km from the coastline. 
 
 
 
Examples of SLA time series for selective 
locations are shown in Figures 5-9. Results along pass 006 
near Lubang (Figure-5) show that the retracked SLAs 
from all retrackers are limited to beyond 9 km from the 
coastline. Within 9 km of the coastline, many SLAs suffer 
from data unavailability, making the interpretation of the 
result difficult over the area. 
Along pass 537 near Ko Taphao Noi (Figure-6), 
high (r>0.80) correlation of retracked SLAs is recorded as 
close as 1 km from the coastline suggesting good 
agreement between the retracked SLAs and the tide gauge. 
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Along pass 479 near Vung Tau (Figure-7), no data are 
available within 6 km from the coastline. However, all 
retrackers perform well beyond 9 km from the coastline. 
That is the correlation >0.78. However, within 6 km from 
coastline, only Ice-2 retracker has high (r=0.83) 
correlation, meanwhile MLE-4 and Ice-1 retrackers have 
low correlation (r<0.52). This suggest that the Ice-2 
retracker explains more than 80% of the total variance, 
while MLE-4 and Ice-1 retrackers explain <50% of the 
total variance.  
Along pass 494 near Getting (Figure-8), high (r=0.71) 
correlation is observed for Ice-1 retracker as close as 1 km 
from coastline. Meanwhile, along pass 808 near Bintulu 
(Figure-9), low (r<0.54) correlation is observed from all 
retrackers within 1-3 km. Beyond 6 km from coastline, all 
retrackers are highly correlated >0.80 with tide gauge 
SLA, suggesting they have good agreement. 
 
 
 
Figure-5. SLA time series along pass 006 near Lubang tide gauge station. 
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Figure-6. SLA time series along pass 537 near Ko Taphao Noi tide gauge station. 
 
 
Figure-7. SLA time series along pass 479 near Vung Tau tide gauge station. 
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Figure-8. SLA time series along pass 494 near Geting tide gauge station. 
 
 
Figure-9. SLA time series along pass 808 near Bintulu tide gauge station. 
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5. CONCLUTION 
The results obtained from the validation with tide 
gauges are consistent with the findings from the validation 
against geoid height. It can be summarized that for the 
South China Sea region, Ice-2 retracker is the optimum 
retracking solution since it provides excellent data 
coverage (89%) and high IMP (43%). Two out of three 
tide gauge stations that are situated over the South China 
Sea record the highest temporal correlation and the lowest 
RMS error of Ice-2 retracked SLAs. That is, 0.82 and 18 
cm, respectively for Vung Tau, and 0.76 and 34 cm, 
respectively for Getting. However, for Bintulu, the 
correlation of Ice-2 and MLE-4 retrackers is similar 
(0.58), but MLE-4 has slightly lower (12 cm) RMS error 
compared to Ice-2 (15 cm) suggesting that MLE-4 
retracker has better accuracy than those of Ice-2.  
For Sulu and Andaman Sea, Ice-1 retracker is 
optimum because it provides excellent data coverage of 
68% and 72%, respectively, and high IMP (12% and 16%, 
respectively). For Sulu Sea, Lubang tide gauge station 
records the highest correlation of 0.81 and the lowest RMS 
error of 10 cm when compared to the other two retrackers. 
For Andaman Sea, Ko Taphao Noi tide gauge station 
records the highest correlation of 0.86, and the lowest 
RMS error of 6 cm. It is noted that the discussion does not 
include the Gulf of Thailand because the tide gauge data 
are unavailable for the year 2013 to2014.  
It is noted that tide gauge data were not 
commonly used to validate the altimeter over the South 
China Sea region. This is because the possible effect of 
tidal correction error on the altimeter derived sea level to 
the short time series of altimeter was not sufficiently 
discussed (Han and Huang, 2009). However, lacking of 
other in-situ data over the region is one of the major 
challenge in validation purposes. There is no high 
frequency (HF) radar available over this region. 
Further research is currently undertaken to 
include longer time series datasets in the analysis. This is 
important as to analysis and removing the tidal signals 
from the SLAs. Nonetheless, the already prevailing high 
correlations and low RMS errors between SARAL/AltiKa 
sea level and tide gauges assure that the quality of the sea 
level data may be defined as superior for the experimental 
coastal regions. 
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